We report an organic, nonvolatile memory based on dopant concentration-induced conductance changes in a conjugated polymer. Consisting of a polymer poly ͓2-methoxy-5-͑2Ј-ethylhexyloxy͒-p-phenylene vinylene͔ ͑MEH-PPV͒/ionic conductor ͑RbAg 4 I 5 ͒ bilayer sandwiched between two metal electrodes, the device is electrically switched between its low-conductance "off" state and high-conductance "on" state reversibly and repeatedly with on/off ratios above two orders of magnitude and pulse durations as short as 1 s when a voltage exceeding its threshold values ͑Ͼ + 3.5 V or Ͻ−3.8 V͒ is applied. The conductance change is attributed to the injection/depletion of iodide dopant ions in the MEH-PPV layer by the applied electric field.
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Silicon-based memory devices have undergone remarkable downscaling over the past few decades, as predicted by Moore's law. However, this trend will soon meet an end unless breakthroughs in electronic materials and/or device concepts revolutionize the memory industry. Organic/ molecular electronics are increasingly receiving attention due to their unique electronic properties, low-cost fabrication, material variety, and mechanical flexibility.
1,2 Nonvolatile memory effects have been observed in a number of different polymer systems and devices-their switching mechanisms were attributed to redox reactions in the polymer, 3 metal diffusion and metallization of the polymer, 4 charge transfer in the nanoparticle/polymer complex, 5 and charge trapping at the polymer/metal interface. 6 In this Letter, we report a polymer organic memory device based on conductance changes induced by configuring the dopant concentration in the polymer.
Poly͓2-methoxy-5-͑2Ј-ethylhexyloxy͒-p-phenylene vinylene͔ ͑MEH-PPV͒ is selected because it is one of the most widely studied conjugated polymers 7, 8 and has been utilized extensively in light-emitting, photovoltaic, and other electronic devices. 2, 9 Doping of this polymer with iodide ions can change the polymer's conductivity from insulatorlike to metallike. 7 Our memory device is designed to switch between high-conductance "on" and low-conductance "off" states repeatedly and reversibly by changing the iodine dopant concentration in the MEH-PPV polymer layer. The device structure consists of a MEH-PPV polymer/inorganic ionic conductor bilayers sandwiched between two metal electrodes as shown in Fig. 1 . When a voltage is applied between the two metal electrodes, depending on the voltage polarity, the polymer will be oxidized or reduced via electrochemical reactions, and meanwhile the ionic conductor layer functions as an electrolyte to inject or deplete ionic dopants into or from the polymer layer, resulting in a change in the polymer's conductivity. RbAg 4 I 5 is chosen here as the ionic conductive material because it can exchange iodide ions with MEH-PPV as dopants. Additionally, RbAg 4 I 5 has the highest ionic conductivity ever reported at room temperature. 10 Pt and Ag were selected as the bottom and top electrodes materials, respectively.
The device was fabricated in a layer-by-layer manner. First, platinum bottom electrodes were e-beam evaporated through a shadow mask onto a 200 nm SiO 2 layer on a Si substrate. A layer of MEH-PPV polymer was then spin coated onto the substrate in a chlorobenzene solution of 0.7 wt % MEH-PPV. The MEH-PPV film had a thickness of ϳ100 nm and was baked at 70°C on a hot plate in air for 30 min after the spin coating. On the top of the polymer layer, a 20 nm RbAg 4 I 5 layer was deposited by thermally evaporating a stoichiometric ͑82 mol % of AgI͒ mixture of RbI and AgI powders. Finally, a top electrode was formed consisting of a 20 nm silver layer and 100 nm aluminum layer, deposited respectively by e-beam evaporation through the same shadow mask used for the platinum bottom electrodes defining active areas of ϳ15ϫ 15 m 2 . Currentvoltage ͑I-V͒ characteristics of the devices were obtained by applying a test voltage to the bottom ͑Pt͒ electrode while grounding the top ͑Ag/ Al͒ electrode. The devices were tested electrically at room temperature under vacuum condia͒ Author to whom correspondence should be addressed; electronic mail: yongchen@seas.ucla.edu tions ͑Ͻ10
−5 Torr to avoid polymer oxidation in the air during the test͒ with direct I-V sweeps using a HP4156B semiconductor parameter analyzer and a Desert Cryogenic vacuum probe station. High-frequency measurement of the devices was conducted using an Agilent 31220 wavefunction generator and a Fluke 199B oscilloscope.
The memory devices were tested in a pulse measurement mode. The Agilent wave-function generator was used to generate a sequence of square-wave voltage pulses to read, write, and erase the devices ͑Fig. 2͒. Sequential square-wave pulses applied to the device and the corresponding current responses recorded by a Fluke oscilloscope, are shown in the upper and lower parts of the Fig. 2 , respectively. As shown in Fig. 2 , with the duration of pulses set at 0.1 s, the first "read" pulse ͑1 V͒ produced a low corresponding current that was buried in noise, showing that the device was originally at an off state. A positive 4 V pulse ͑higher than the threshold voltage͒ was then applied to the device to "write" and the current curve showed a recognizable increase. The current measured during the subsequent read pulse was obviously higher than the previous read current ͑prior to the "writing" pulse͒, indicating that the device had been switched to its on state. After a −5 V pulse was applied to "erase," the current measured in response to a read pulse indicated a return to the low current off state. An on/off ratio of ϳ10 2 was readily recorded, and a higher ratio was possible but could not be detected by our oscilloscope due to the noise. When the devices were measured at voltages lower than their switching threshold voltages, the device was shown to retain their respective states stably. To test the nonvolatile property of the device, we traced a device at its on state for the time intervals up to three months. As measured at 1 V, the device currents changed from its original value of ϳ2 A to ϳ 4 A at the end of the three months; meanwhile the currents of devices at their off state stayed stably below ϳ40 nA. This result indicates that the device is a good candidate for nonvolatile memory.
The same devices have also been tested using shorter duration pulses ͑as short as 5 s with a voltage amplitude of 22 V͒. It is generally observed in these devices that when the write pulse duration is decreased, the pulse amplitude to write to the devices must be increased. Significant transient current response due to the resistance and capacitance ͑RC͒ time constant of the device was observed with a 5 s pulse.
In order to reduce the RC time constant of the device to achieve higher switching speed, the dopant level and the conductivity of a polymer layer can be increased gradually by applying multiple positive voltage scans above the polymer's "turn-on" threshold value using the semiconductor parameter analyzer. The scans drive the iodine dopants gradually into the MEH-PPV polymer layer from the RbAg 4 I 5 ionic conductive layer. The heavily doped device can be switched from its off ͑10 −6 A at 1 V͒ to on ͑10 −4 A at 1 V͒ state at a voltage of 3.5 V during a voltage scan between 0 and 4 V ͓curve A in Fig. 3͑a͔͒ , with the on state confirmed by a voltage scan between 0 and 1 V ͓curve B in Fig. 3͑a͔͒ . Likewise, the device can be turned from the on to off state at −3.8 V during a voltage scan between 0 and −4 V ͓curve C in Fig. 3͑a͔͒ , with the off state confirmed by a voltage scan between 0 and 1 V ͓curve D in Fig. 3͑a͔͒ . The on/off conductance ratios can reach above two orders of magnitude.
With the reduced device resistance, the device was tested by applying a 1 s writing voltage pulse with an amplitude of 11 V. As shown in Fig. 3͑b͒ , the device current during the second read pulse ͑1 V͒ was significantly higher compared with that of the first read pulse ͑1 V͒, applied before the writing pulse, indicating that the device had been turned from the off to on state by the writing pulse. The switching time of the device ͑1 s͒ is significantly higher than that of current Si-based nonvolatile flash memory devices ͑ϳ1 ms͒. 12 Devices with only a RbAg 4 I 5 layer ͑without a MEH-PPV layer͒ sandwiched between the Pt bottom and Ag/ Al top electrodes display high-conductance linear I-V characteristics ͑ϳ10 −3 A at 1 V͒ but likewise no electrical switching. These control devices indicate that the interaction between the RbAg 4 I 5 and MEH-PPV layers plays a crucial role in the device switching.
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Conductance switching of the devices is caused by the change in dopant concentration in the MEH-PPV resulting from exposure to an external electrical field. When a MEH-PPV polymer layer is doped with iodide ions, allowing electrons to hop along the polymer chains, thereby increasing the polymer's conductivity. 7 In our devices, the MEH-PPV is contacted with a solid electrolyte-RbAg 4 I 5 ionic crystal. The process for doping the MEH-PPV is an electrochemical process controlled by the voltage applied between the MEH-PPV and RbAg 4 I 5 . When a positive voltage above a threshold value is applied to the MEH-PPV with respect to the RbAg 4 I 5 , the MEH-PPV will be oxidized, and negative iodide ions will be injected from the RbAg 4 I 5 to MEH-PPV as counterions to cationic sites in the polymer, which will increase the iodine dopant concentration and conductivity of the MEH-PPV. When a negative voltage is applied to the MEH-PPV with respect to the RbAg 4 I 5 , the MEH-PPV will be reduced, and the negative iodide ions will be expelled from the MEH-PPV back to the RbAg 4 I 5 , which will thereby decrease the iodine dopant concentration and conductivity of the MEH-PPV. Thus, when a voltage larger than threshold values is applied, the conductivity of the polymer can be switched on or off. Accordingly, when a voltage lower than the threshold values ͑or no voltage at all͒ is applied, the ions should be stable in the polymer, and the device conductance should remain at a constant value; the device is nonvolatile. The amount of the injected/expelled iodine dopants in the polymer layer is related to the amplitude as well as the duration of the applied voltage. When the duration is reduced, the threshold of the switching voltage is increased.
In summary, a nonvolatile memory device is made by sandwiching a conjugated MEH-PPV polymer layer and a RbAg 4 I 5 ionic conductive layer between two metal electrodes. The device can be electrically switched between its high-conductance on and its low-conductance off states by injecting or expelling iodine dopants in the RbAg 4 I 5 layer into or from the MEH-PPV layer. The conductance of the devices can be switched reversibly and repeatedly by more than two orders of magnitude when a voltage exceeding the devices' threshold values ͑Ͼ + 3.5 V or Ͻ−3.8 V, respectively͒ is applied between the two metal electrodes. When a voltage lower than the threshold values is applied, the device conductance remains at the same value. High-frequency tests have shown that a relatively heavily doped device can be switched by applying a voltage pulse with a duration as short as 1 s. The mechanism of inducing the conductivity change of the polymer by changing its doping concentration provides a promising approach to make various electrically configurable devices in the future.
